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Translationally cold and slow ND3 is prepared by filtering the slow molecules from a thermal gas-
phase sample using a curved electrostatic hexapole guide. This filter, like the curved quadrupole
guide introduced by Rempe et al. in 2003[1], selects molecules by their forward velocity and effective
electric dipole moment. Here we describe two main modifications with respect to previous work:
1. A hexapole guide is used instead of a quadrupole, thus producing a harmonic potential for the
linearly Stark-shifted levels of ND3. The curved guide is combined with a straight hexapole guide
with independent high-voltage supplies to allow for band-pass velocity filtering. 2. State-selective
laser ionization is used to obtain time- and state selective detection of the guided molecules. This
enables the experimental determination of the rotational state population of the guided molecules.
PACS numbers: 37.10.Gh,37.10.Mn,37.20.+j
INTRODUCTION
Cold neutral molecules provide many intriguing
possibilities in precision spectroscopy and chemical
dynamics.[2, 3] Many methods have been developed over
the past years to prepare neutral molecules in the mil-
likelvin to microkelvin range. These methods have been
applied in high-resolution spectroscopy [4, 5] as well as
collision studies.[6–8] Two main approaches are currently
available for the production of cold neutral molecules
(see [2] and references therein): 1. They can be assem-
bled from cold atoms using lasers or electric fields. 2.
Molecules with a permanent electric or magnetic dipole
moment can be prepared at high laboratory frame-of-
reference velocities and then be decelerated using time-
varying electric, magnetic, or optical fields [9–12]. Elec-
tric fields have also been used to guide polar molecules
along straight and curved trajectories, and it has been
shown that an electrostatic guide can be bent into a cir-
cle to obtain a storage ring [13]. In those experiments,
an hexapole guide was used, very similar to the one em-
ployed in the present study. In 2003, Rempe and co-
workers demonstrated a relatively simple technique to
obtain translationally cold polar molecules by filtering
the slow ones from a thermal sample using an electro-
static quadrupole guide[1, 14–16]. In a thermalized sam-
ple, even at room temperature there always exists a small
fraction that moves at very low velocities. Isolation of
these molecules from the sample provides a continuous
flux of translationally cold molecules. Since the initial
flux from the source can be considerable, even this small
fraction corresponds to densities that are comparable to
those obtained from other methods. Rempe et al. [1]
first demonstrated this approach by coupling a continu-
ous effusive source of ammonia with a curved electrostatic
quadrupole guide. Since then, the method has been ap-
plied to several other molecules, and has been used, e.g.,
for detailed studies of ion-molecule reactions [7, 17, 18].
Inside an electrostatic guide the inhomogeneous elec-
tric field pushes molecules in certain (low-field seeking)
quantum states toward the center of the guide. In a
bent guide, the centrifugal force is added to the trapping
force, and those molecules where the centrifugal force
exceeds the trapping force are ejected from the guide.
The velocity distribution of the guided molecules can be
determined by measuring the time-of-flight (TOF) distri-
bution at the end of the guide. Typically, this was done
by coupling the guide to a mass spectrometer where the
molecules were ionized by electron bombardment. This
provides accurate measures of flight times and of the flux
as a function of time. However, it does not reveal any
information about the internal state population. The se-
lection in an electrostatic guide is based on the forward
velocity and the effective dipole moment. Since there is
no cooling or deceleration, the selectivity both in terms
of velocity and internal levels is based on these two han-
dles alone. The effective dipole moment depends on the
permanent dipole moment of the molecule and on the
rotational level. As a consequence, the rotational tem-
perature of the guided molecules will not be the same
as that of the molecules before the filter. To what ex-
tent it is changed, however, has been a matter of theo-
retical predictions so far, because no state-selective de-
tection was used. Calculations [18] predict a moderate
change of the internal temperature, and the production
of rotationally cold velocity-filtered molecules has only
been achieved by the coupling of a guide and a buffer-
gas cooled source.[15, 19, 20]
In the present study we combine a segmented, partially
curved, electrostatic hexapole guide with resonance-
enhanced-multiphoton ionization (REMPI) for time- and
state-resolved detection of the guided molecules. This
provides the following advantages: 1. The hexapole guide
is split into a straight portion and a curved portion. The
curved section has a large radius of curvature (125 mm
vs. ca. 15 mm in previous studies). The two sections
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2are connected to separate high-voltage switches to imple-
ment a velocity band-pass filter. In a similar experiment,
Rempe et al. have recently demonstrated the selection
of molecules within a ≈ 5 m/s wide band [21]. Repeated
application of such high-voltage pulses can be used to
produce a quasi-continuous flow of molecules within a
selected velocity range. 2. The large radius of curva-
ture provides very well-defined conditions and enables the
accurate calculation of particle trajectories through the
structure. This is used here to characterize the device
and to extract guiding probabilities for different rota-
tional states of the molecule. 3. Using a hexapole instead
of a quadrupole guide is advantageous for states which
are shifted linearly in an electric field. A hexapole guide
possesses a nearly harmonic electric field transversely,
which in turn corresponds to a harmonic potential for
a linearly shifted state. 4. Using state-selective REMPI
to detect the guided molecules enables the direct charac-
terization of the rotational temperature.
Ammonia was used in all experiments presented here.
As a prototypical symmetric top molecule it has been
studied extensively by different types of spectroscopy, in-
cluding in particular the sensitive state-selective detec-
tion of NH3 and its isotopomers using (2+1) REMPI[22].
A vast number of studies is available that measure in de-
tail the structure of the X˜ ground state as well as of the
excited B˜ state which was also used in the present study.
This state is conveniently excited using two UV photons
around 315 nm, and a third photon of the same wave
length efficiently ionizes the molecules.
The ground state of ammonia has a double minimum
potential, originating from the umbrella motion where
the N atom is moved through the plane containing the H
atoms. The two pyramidal minima on the potential en-
ergy surface are connected via an energy barrier (≈2000
cm−1 high in NH3) which leads to a tunneling splitting
of the ground state into two levels with opposite symme-
try. These two levels are generally labeled as X˜(0) and
X˜(1) and are energetically split by the inversion split-
ting Winv (see fig. 1A). Inspection of the symmetries of
the X˜ and B˜ states, including the umbrella vibrational
mode v2 in the excited state produces the following se-
lection rules[23]:
B˜(v2 = odd) 6← X˜(0), B˜(v2 = odd)← X˜(1),
B˜(v2 = even)← X˜(0), and B˜(v2 = even) 6← X˜(1).
The energetic Stark-shift of an ammonia-molecule in
an electric field with magnitude E is given, for a partic-
ular rotational state 〈J,K|, by [13]
W(J,K,M) = ±
Winv
2
+
√(
Winv
2
)2
+ (−µEκ)2
 ,
(1)
where κ = MJKJ(J+1) , µ is the permanent electric dipole mo-
ment (µ = 1.47 D for ND3), and the positive (negative)
FIG. 1: A) level scheme of ammonia with symmetry labels
for ND3. The inversion splitting in the ground state, Winv is
indicated, and the arrows show symmetry-allowed transitions.
B) Stark energies for levels with J = 5 for ND3 (solid lines)
and NH3 (dashed lines).
energies correspond to the upper (lower) component of
the inversion doublet. MJ is the projection of J on the
field axis (−J > MJ > J), Winv is the inversion splitting
(Winv(ND3)=0.05 cm
−1 ; Winv(NH3)=0.79 cm−1). Lev-
els from the upper component (with |MJ| > 0) are shifted
to higher energies in increasing electric field magnitude
(low-field-seeking states; lfs) while those from X˜(0) are
shifted to lower energies (high-field-seeking states; hfs).
The large inversion splitting in normal ammonia leads
to a quadratic stark shift of all levels up to several 10
kV/cm, while in deuterated ammonia the shift is linear
already at very low fields (see fig.1B). In an inhomoge-
neous electric field, lfs levels feel a force toward regions
with lower field magnitude. In a quadrupole guide, the
field increases linearly with increasing radius, thus pro-
ducing harmonic potential for NH3, but a linear one for
ND3. Instead, a hexapole creates a harmonic potential
for ND3. In all measurements described here only ND3
has been used. Fig. 1B) shows the energy levels for
the (J=5, K=5) components of the ND3 ground vibronic
state in electric fields between 0 and 70 kV/cm. At zero
field, levels with different MJ are degenerate, and the two
remaining levels are split by Winv. With increasing field,
the components split and are shifted to higher or lower
energy.
An electrostatic hexapole, constructed by arranging
six electrodes on the corners of a hexagon and apply-
ing alternating positive and negative voltages, provides
a 2-dimensional trap. The resulting electric field (sim-
ulated using finite element methods [24]) is plotted in
fig. 2B) where - for the case of ±8 kV on the electrodes
– the innermost contour line lies at 10 kV/cm, and the
spacing between lines is also 10 kV/cm. At small radii
the field is to a good approximation cylindrically sym-
metric. A cross-section through the field along the hor-
izontal line shown in fig. 2B) is plotted in fig. 2C). The
field increases harmonically with increasing radius as is
confirmed by the overlaid parabola in the figure. The
force is purely transverse, and in a straight guide, lfs-
molecules are guided irrespective of their forward veloc-
3FIG. 2: A) Sketch of the experimental setup. B) Cross-section
through a hexapole guide as used in the present experiments.
The white circles are the positions of the electrodes with volt-
ages applied as indicated. Contour lines start at 10 kV/cm
(at the center) and are spaced by 10 kV/cm. C) Red line: cut
through the potential shown in panel B), black line: parabola
to fit the red line.
ity. Only molecules in lfs states are guided since hfs states
are pushed away from the center of the guide and lost.
In a curved guide the molecules feel a centrifugal force
in addition to the guiding force, and they are guided as
long as the latter is larger than the former. Equating the
centrifugal force
FC =
mv2l
R+ r0
and the opposing, trapping force
FS = −2µEκ r
r20
defines a maximum guidable forward velocity
vl,max =
√
2µEmax
m
κ
(
1 +
R
r0
)
. (2)
Here, R is the radius of curvature of the guide, r0 is
the inner radius of the guide, and r is the radial po-
sition of the particle. Eq.2 was obtained by assuming
a harmonic potential and Winv = 0. Since both these
assumptions slightly improve the guiding capacity for a
particular molecule, eq.2 is an overestimate of the actual
value. For a complete description of the dynamics of am-
monia molecules in a curved hexapole guide we refer to
reference [13].
EXPERIMENTAL
The experimental setup is sketched in fig. 2A). A con-
tinuous beam of ND3 is generated from an effusive source
(left side of the figure), built from a cylindrical copper
container (20 mm inner diameter) with a ceramic outlet
tube (5 mm long, 2 mm inner diameter). The pressure
inside the source is ca. 5·10−2 mbar during operation.
The tip of the ceramic tube is at the beginning of the
guide, and the ND3-beam at ca. 300 K directly enters
the electrostatic hexapole guide. The hexapole guide con-
sists of a straight (510 mm long) and a curved segment
(a half-circle with radius of curvature 125 mm) where the
former connects two differentially pumped high vacuum
chambers. Both segments are built from six individual
polished cylindrical stainless-steel electrodes arranged on
a 6 mm diameter circle, as shown in fig. 2B). The elec-
trode diameter is 4 mm, leaving a circular open space in
the center with a radius of 4 mm. In the present study,
the hexapole voltages were varied between ±8 kV and
±2 kV on the curved guide, while the straight guide was
operated by keeping three electrodes at ground potential
while the other three were always at +6 kV. Three fast
(Behlke; ca. 200 ns rise time) high-voltage switches were
used to rapidly switch the two guide segments on and off
individually to record time-of-flight (TOF) traces at the
end of the curved guide.
For the REMPI-detection of ND3, the frequency-
doubled output of a pulsed tunable dye laser (Fine Ad-
justment Pulsare; ca. 15 mJ/pulse at 315 nm), pumped
by the second harmonic of a pulsed Nd:YAG laser (Inno-
las Spitlight 1000; 20 Hz, 10 ns pulse length) is focused,
using a 500 mm cylindrical lens, between the first and
second plate of a Wiley-McLaren-type TOF mass spec-
trometer (MS). The MS is aligned colinearly with the
end of the curved hexapole guide, and the distance from
the end of the guide to the intersection with the laser
beam is ca. 15 mm. The first extraction plate is posi-
tioned directly behind the guide and has a 20 mm hole,
covered by high transmission Ni mesh to shield the mass
spectrometer from the guide-HV. To further reduce pos-
sible perturbations, the guide is switched off 50 µs before
the laser is fired. During this time, the fastest molecules
move ≈ 10 mm which is less than the distance between
guide and laser beam. The molecules are ionized with
the dc-extraction field on, and ions are accelerated to 2.5
keV and detected on an microchannel plate detector.
The differentially pumped high-vacuum chamber is
split into three sections and pumped by two turbo-
molecular pumps. A 20 mm opening between the
source-chamber (pumped by a Pfeiffer TMU1600; pump-
ing speed 1400 l/s) and the second chamber (Pfeiffer
TMU1400; 980 l/s) reduces the gas flux, while leaving
enough space for the straight hexapole to pass through.
A copper plate, that can be cooled to ca. 90 K using liq-
uid nitrogen, is installed in the second chamber. It serves
to further reduce the gas flux into the detection region,
and at the same time cryogenically reduces the overall
ND3 background. During operation, the pressure in the
first chamber rises to 3·10−6 mbar, while in the detector
4FIG. 3: Solid curves: experimental TOF-traces for guided
molecules using ±8, ±6, ±4, and ±2 kV on the curved
guide. These traces represent the signal from a single REMPI-
transition. Dashed curves: analytic calculation assuming
translational temperatures of 9 K, 7 K, 5 K, and 4 K, re-
spectively.
chamber it rises from <5·10−9 to 2·10−8 mbar. A consid-
erable background ion signal is observed upon REMPI-
detection even when no HV are applied to the guides.
Under normal operating conditions for the present type
of TOF-MS, this background signal is of similar ampli-
tude as the desired signal from the guided molecules.
In order to discriminate against it, the electric field in
the first section of the MS is reduced to ca. 10 V/cm.
This is still sufficient to extract all ions from the guided
molecules, which have an anisotropic velocity distribu-
tion peaked towards the detector. Because only one mass
has to be detected from molecules that are generated in
a very small volume, the peak in the TOF spectrum re-
mains sufficiently sharp. On the other hand, the thermal-
ized background gas is not efficiently extracted, and the
signal from these molecules is strongly broadened and re-
duced in intensity. This way, the signal/background ratio
was improved to >100 in the present experiment.
RESULTS
Time-of-flight traces from measurements using differ-
ent voltages on the curved guide are shown as solid curves
in fig. 3. They were recorded with – from top to bottom
– ±8, ±6, ±4, and ±2 kV on the curved guide, respec-
tively. Each trace was recorded by switching the two
guide segments on at the same time, and scanning the
delay time between the application of the HV and the
laser pulse. The laser wave length was set to a par-
ticular transition in the B˜(v′2 = 5) ← X˜(1) band, and
all traces shown here were recorded by monitoring only
this single transition. The ±8 kV-signal starts rising at
tonset ≈5 ms, corresponding to ≈200 m/s in approximate
accordance with eq.2 using Emax=60 kV/cm and an av-
erage value for κ, κ¯=0.5. The signal rises quickly and
converges to a maximum which it reaches at around 15
ms. The signal increase reflects the additional compo-
nents of the velocity distribution, which is contained in
the derivative of the TOF-traces. Reducing the guide-
voltage has three effects: 1. The onset is shifted to later
times, 2. the slope is reduced, and 3. the final signal level
is lower. Eq.2 predicts tonset(Vguide) ∝
√
1
Vguide
, corre-
sponding to tonset(V6kV ) = 5.7 ms, tonset(V4kV ) = 7.1
ms, and tonset(V2kV ) = 10 ms, in accordance with obser-
vations. Since the signal is proportional to the derivative
of the velocity distribution, the shifted position of the
turning point at lower voltages confirms that the most
probable velocity is lower at lower velocities. Finally, the
lower convergence value implies an overall reduction of
the flux, which is consistent with the reduced threshold
velocity.
Two complementary approaches were chosen to extract
translational and internal temperature information from
the experimental data: 1. Fitting of an analytic func-
tion, and 2. exact trajectory calculations: As is described
in[14], the velocity distribution at the end of the filter is
still described by a Maxwell-Boltzmann distribution. Be-
cause in the experiments described there, the detection
procedure measured the flux, the distribution had to be
scaled by a factor 1/v. Since in the present study the
density is probed, this scaling factor is redundant and
the correct description is a 3D Maxwell-Boltzmann dis-
tribution:
ρ(v) = Nv2 exp
(
−Wkin(v)
kT
)
, (3)
where N =
√
2
pi
(
m
kT
) 2
3 is a normalization constant, k
is the Boltzmann constant, and T the temperature. A
TOF-distribution is obtained by integrating eq. 3 over
time:
ρ(t′ = TOF ) =
∫ ∞
v′= `
t′
ρ(v =
`
t
)dv, (4)
where ` is the total flight distance. Fitting eq. 4 to the ex-
perimental data directly provides the temperature of the
guided molecules. The dashed curves in fig.3 show the
TOF traces obtained for temperatures of 9 K, 7 K, 5 K,
and 4 K, respectively (from top to bottom), that very well
fit the corresponding experimental data. To determine
the rotational temperature, the TOF traces are simulated
by computing complete particle-trajectories through the
electrostatic structure. The two calculation methods are
complementary: trajectory simulations do not directly
yield a final translational temperature, while information
on individual trajectories, or on the rotational tempera-
ture are not accessible via the semi-analytic method. Re-
sults from trajectory calculations are presented later in
this article to describe the different guiding probabilities
for different rotational states.
5FIG. 4: A) TOF traces for bandpass-filtered molecules using
8 kV (black lines) and 6 kV (red lines). Solid lines are ex-
perimental data, dash-dotted lines simulations. The straight
guide was kept on for a limited time only such that molecules
below a certain threshold velocity were not detected. B)
Multi-pulse sequence for a train of two pulses with filtered
velocities at different voltages and switching sequences. C)
Velocity distributions corresponding to the simulated traces
in panel A). Black (red) show the 8 kV (6 kV) results. Values
for ∆t are indicated in panel A).
Velocity bandpass-filter
The measurements from the previous section enable
the implementation of an upper velocity threshold via
the guiding voltage. Filtering against slow molecules is
not possible in a static hexapole, but it is possible by
switching the HV on the first, straight segment. Figure
4A) shows TOF traces recorded at ±8 kV (black lines)
and ±6 kV (red lines), and using the switching scheme
sketched on the right side of the panel. The TOF traces
were recorded by switching both guides on at the same
time, but switching the straight guide off after a time
∆t. The timing of the laser pulse was delayed relative to
the on-time of both guides such that the TOF represents
the flight-time through the entire guide, and the laser
wave length was parked on the same transition as for fig.
2. Switching the straight guide off at time=∆t means
that molecules with a velocity less than vmin =
510 mm
∆t
will not be guided into the curved guide, and will thus
not be detected. The top, middle and lower traces in
fig. 4A) were recorded using ∆t=15 ms, 10 ms and 5
ms, respectively, corresponding to vmin ≈ 35 m/s, 50
m/s and 100 m/s. Upon switching off the straight guide,
the signal decays at a rate determined by the velocity
composition of the molecules inside the curved guide at
TOF=∆t, but also by the time required to purge the
straight guide. The signal-reduction in the TOF-traces
shown in fig. 4A) does not start at TOF=∆t but later.
Until the straight guide is turned off, the flux into the
curved guide is unchanged. At TOF=∆t, the curved
guide is not immediately emptied but merely does the
influx cease. Thus, the signal measured in the few ms
after switching off the straight guide is determined by
the velocity distribution of the molecules that are still
inside the curved guide. Only after the last of the fastest
molecules have traversed the entire curved guide does
the signal start to drop. In the case of ±8 kV, this time
is ≈ 390 mm200 m/s=1.8 ms, in accordance with experimental
observation.
Semi-analytic simulations of these measurements are
shown as dash-dotted curves. Overall, good agreement
is observed at short times-of-flight. Important discrep-
ancies, however, are present at the falling edges of the
signals. These differences are explained by the dy-
namics that lead to the draining of the straight guide
upon switching off of the voltages, as described below.
The velocity distributions resulting from these switch-
ing schemes are shown in panel C) of fig. 4. Black
(red) curves show the distributions for 8 kV (6 kV) on
the curved electrodes, with switching times of 15 ms, 10
ms, and 5 ms, respectively on the straight guide, for the
curves from top to bottom.
A quasi-continuous beam of velocity-selected molecules
is obtained by repeatedly switching the straight guide on
and off. Examples for such measurements are shown in
fig. 4B. The pulse sequence is sketched on the right side
of the panel, and the three traces are for (∆t=10,τ=5)
ms at ±8 kV (top solid trace), and at (∆t=5,τ=1.5) ms
(bottom traces) at ±8 kV (black trace) and ±6 kV (red
trace), respectively. Here, ∆t and τ are the pulse length
and delay of the HV pulses, respectively. In each case,
two packets were recorded, but the scheme could easily
be extended to an infinite stream of packets. The maxi-
mum duty cycle that can be achieved is given by the time
required for all molecules to be ejected from the straight
guide.
To types of experiments were done to obtain further in-
formation on this process: The main panel in fig. 5 shows
measurements where the straight segment was off only
for a time ∆t, and both guide segments were switched
on simultaneously (as sketched in the top-left of the fig-
ure). Traces shown here were recorded with ∆t=0.01
ms, 0.25 ms, 0.5 ms, and 5 ms (top to bottom), where
in each case the laser-delay was scanned to record the
flight time. In such an experiment, the straight guide is
thus turned on most of the time and guides molecules to
the entrance of the curved segment. Upon switching the
straight guide off, the molecules are not confined any-
more and can leave. When the guide is turned back on,
some particles will be trapped again, and they will con-
tinue to fly through both sections and be detected. Two
extreme cases are observed for ∆t very short (∆t = 10µs)
or very long (∆t = 5 ms). In the first case, the straight
guide is switched off for a time to short for a significant
portion of the molecules to leave it. As a consequence,
the TOF-trace is similar to one where the straight guide
had been on all the time, and the observed flight times
correspond to a distance of ≈39 cm, the curved guide
6FIG. 5: Signal-decay upon switching the straight guide off.
Main Panel: TOF traces or different time delays ∆t. Top
to bottom: ∆t=10µs, 0.25 ms, 0.5 ms, and 5 ms. Inset:
Signal-decay in the guide as a function of ∆t, recorded at
total TOF=4.5 ms (dashed line) and 7.5 ms (solid line).
alone. In contrast, when the straight guide is switched
off for a sufficiently long time for all molecules to leave
it, a TOF distribution is observed that corresponds to
flight through the entire (straight+curved) guide with a
total distance of ≈90 cm. This case is the same as the
one for all measurements shown above. The intermediate
values for ∆t show a gradual transition between the two
extreme cases. Here, more particles remain inside the
straight guide when it is switched off for shorter times.
These only have to continue the remaining distance once
the latter is switched back on.
In the second type of experiment the detection time
tdet was fixed at 4.5 ms and 7.5 ms after switching on the
curved guide, and ∆t was scanned. The results are shown
in the inset of fig. 5: they directly show the decay of the
particle density inside the straight guide. The dashed
(solid) lines represent the data for tdet=4.5 ms (7.5 ms).
Both curves can be fitted by an exponential decay. The
resulting half-times for the decay are τ1/2 = 673(18) µs
for tdet=7.5 ms, and τ1/2 = 444(8) µs for tdet=4.5 ms.
It is tempting to ascribe this difference to a difference
in transverse velocities for the different longitudinal ve-
locity components probed at 4.5 and 7.5 ms. Assuming
a cylindrically symmetric distribution, half of the par-
ticles have to fly 4 mm to leave the guide transversely.
Converting τ1/2 would then provide a value for an aver-
age transverse velocity of 9 m/s and 6 m/s for tdet= 4.5
ms and 7.5 ms, respectively. But since the initial distri-
bution is a thermalized Maxwell-Boltzmann distribution
such an assumption would be unreasonable. However, a
discrimination arises from the fact that molecules with
high longitudinal velocity have a higher probability to
get lost not by moving out of the guide sideways but
longitudinally. At tdet=4.5 ms the slowest molecule that
is detected with ∆t=0 has vz ≈110 m/s. After ∆t=1
ms, these particles will have moved forward by 11 cm,
independently of their transverse velocity. Any molecule
that is closer to the end of the straight guide than 11
cm can be considered lost after this delay. In contrast at
tdet=7.5 ms, the slowest detectable molecules at ∆t=0
FIG. 6: A) REMPI Spectra showing three vibrational bands
of the B˜ ← X˜ transition with the guide off (upper trace) and
on (lower trace). B) and C) Close-up of the (v′2 = 5) band
without guide (top traces) and with guide (middle traces).
For each case there is an simulated (panel B) and a experimen-
tal (panel C) result. Bottom traces: ratio guided/unguided.
has vz ≈70 m/s. This lower threshold means that, at a
given value of ∆t, the molecules have a smaller chance to
leave longitudinally, thus reducing the loss rate.
In the simulations shown in fig. 4 it is implicitly as-
sumed that all particles are lost immediately. The cal-
culations can, however, reproduce the experimental data
much better if a pulse with a duration 100 µs longer is as-
sumed. This corresponds to the time-scale expected from
the purging dynamics: the extra 100 µs would describe
an averaged situation for the non-zero purging time.
Rovibrational state population of the exit beam
The exit-molecular beam is characterized by first
studying the vibrational state population. REMPI re-
veals the state-specific guiding-probability through the
comparison of background spectra with those of guided
molecules. Figure 6A) shows spectra of three vibra-
tional bands of the B˜ ← X˜ transition, recorded for back-
ground gas (upper trace) and guided molecules (bottom
trace). The vibrational excitation of the excited state
is indicated above each band. The background spectrum
shows the complete progression of vibrational bands with
v′2 = 4−6, but the spectrum of the guided molecules only
shows a single band with v′2 = 5. The reason are the sym-
metries of ground and excited states: Even (odd) vibra-
tional levels in the v2 progression have E
′′ (E′) symmetry
and can only be excited from the X˜(0) (X˜(1)) level of the
ground state. But since the X˜(0) is the lower component
of the inversion doublet, all rotational levels of this state
are hfs, while all rotational levels of the X˜(1) state are
lfs. The electrostatic guide only guides lfs states, and all
X˜(0) levels are completely lost from the sample by the
end of the curved guide.
7FIG. 7: Comparison of the calculated rotational state popu-
lations before and behind the guide. A) shows κ = MJK
J(J+1)
,
being proportional to µeff before (dashed line with crosses)
and after (solid line with circles) the filtering. B), C), and D):
relative population for states with different values of their J–,
K–, and MJ–quantum numbers, respectively. In each panel,
the dashed line is before and the solid line is after the filter.
Looking closer into the structure of a single vibronic
band should reveal the different guiding probabilities for
different rotational states. Because the Stark effect de-
pends on the effective dipole moment µeff ∝ MJKJ(J+1) , the
shape of a single vibrational band is expected to differ be-
tween background and guided molecules. This was mea-
sured (and calculated) by again comparing the spectra
of guided and unguided molecules, but at higher reso-
lution, as shown in figs. 6B) (simulations) and C) (ex-
periment). Here, the top traces show the spectra for the
B˜(v′2 = 5)← X˜(1) transition at a temperature of 300 K
under normal conditions. At this temperature, the spec-
tral density is to high to allow for a complete resolution
and assignment of all transitions. Nevertheless, the com-
parison with the spectrum of guided molecules (middle
traces in fig. 6B) and C) shows clear differences. The
spectrum was simulated roughly by ignoring all transi-
tions from levels with K≤ 1. The bottom two traces
show the ratios between the simulated spectra and be-
tween the calculated spectra. Good agreement between
these two traces exists, indicating that the main change
between the two situations results from the missing tran-
sitions from K = 0 and 1 levels which have no or very
low Stark effect (κ ≈ 0).
Further information is extracted from trajectory sim-
ulations: Fig. 7A) shows the distribution of κ-values
before (dashed line) and after (solid line) the guide (nor-
malized to the value at κ = 0.5). The dependence of
the effective dipole moment on κ is clearly reflected in
the elimination of all low values of κ during the guiding
process. Further understanding is provided by investi-
gating different J, K, and MJ-values, respectively, before
and after the guide. Panels B)-D) of fig. 7 show the rel-
ative populations for states with different J (panel B), K
(panel C), and MJ (panel D). In each case, the dashed
line with crosses (solid line with circles) shows the values
before (after) the guide. The most striking observation is
that the relative population of different J-levels remains
practically unchanged. Larger differences are observed
in K. Here, however, the main change is that states with
low K-values are almost completely eliminated while the
higher ones are all still populated. The main reason for
the observation in panel A comes indeed from different
MJ values. In an electric field, all 〈J,K| levels are split
into Stark states with potentially very low MJ, and these
states are not guided independently of the other quantum
numbers. For a given value of J the rotational states are
evenly distributed over 0 < κ < 1, and the state guiding
probability ultimately depends on the ratio between K
and J: For any sufficiently high 〈J,K| level the average
effective dipole moment is proportional to
µeff ∝ MJK
J(J + 1)
(5)
∝ K
J
, (6)
since the average value of ¯|MJ| of the lfs states is J/2.
The essential component is a high K-value, and the best-
guided levels are those with K≈J where κ approaches 1.
Molecules with small rotational constants have rotational
spectra that are sufficiently close to continuous that no
significant difference is observed in the populations be-
fore and after the guide. Because in the present setup
a room-temperature effusive source was employed, the
rotational temperature before the guide was 300 K, and
while it is difficult to extract an actual temperature from
the spectra shown here, the safest assumption is that it
is still almost 300 K.
An estimate of the flux in this beam is possible by
comparing the REMPI signal from the guided molecules
to the signal from background-molecules: During oper-
ation, the pressure in the detection chamber rises from
<5·10−9 mbar to around 2·10−8 mbar. The background
gas produces a signal which, under operating conditions
without discrimination, is comparable in intensity to the
signal from the guided molecules. While the background
pressure, which is read off of a pressure gauge some 30
cm away from the interaction region, has to be taken as
an approximate value only it still allows the estimation
of a density in the beam. In the present case a density of
108 cm−3 is assumed. REMPI measures density and not
flux, and this number can be transformed into flux by
assuming a laser diameter at the focus of 0.1 mm. Tak-
ing an average velocity of 120 m/s, this corresponds to a
flux of ≈109/s. Note that even though the laser can only
be set to detect a single, or very few, states at a time,
these numbers still correspond to the total density and
flux, because the comparison with the background also
only includes a single transition. While it carries a con-
siderable error, the so estimated flux here is comparable
8to results from simulations as well as the values reported
by other groups [15].
CONCLUSION
We have demonstrated the velocity filtering of deuter-
ated ammonia in an electrostatic hexapole guide with a
large radius of curvature and combined it with time- and
state-selective detection of the filtered molecules using
REMPI. Continuous molecular beams with translational
temperatures below 10 K were generated. The transla-
tional temperature could be further reduced by using a
segmented guide with a straight and a curved segment.
Switching the high voltage on the straight guide segment
enabled the discrimination against slow molecules and
thus a further reduction of the translational tempera-
ture. The combination of different switching times with
different voltages on the curved guide segment allows the
production of a molecular sample with a selectable tem-
perature and at a selectable mean velocity in the labora-
tory frame-of-reference.
REMPI detection enabled the characterization of the
rotational temperature of a velocity-filtered sample. It
showed that the rotational state distribution changes
only marginally between before and after the guide, with
the main difference being the elimination of all levels with
K ≤ 1. In contrast, complete purging of hfs was shown
by comparing the intensities of vibrational bands with
even and odd v2 quantum numbers. For the prepara-
tion of translationally and internally cold molecules by
this technique, the source would have to be replaced by
a method to produce internally cold molecules. It has
been shown previously that buffer gas cooling is a vi-
able method to achieve this goal [15, 20]. Alternatively,
a rotating nozzle producing a continuous supersonic ex-
pansion would be an attractive alternative to the pure
effusive source used here.[25]
We are planning to make use of another attractive fea-
ture of the hexapole geometry of the guide: it can also
be used to generate a dipole field, e.g., by applying a
strong positive and a strong negative voltage to the two
outermost electrodes of the guide, and low voltage to the
innermost ones [13]. This generates a dipole filed point-
ing to the inside of the curvature, and the molecules are
not confined from the inside of the guide; only the cen-
trifugal force keeps them in the guide. Consequently,
using a particular electric field selects a velocity-band
from the initial distribution: Fast molecules are ejected
outwards because the confining force is insufficient while
slow molecules are pushed inwards because the centrifu-
gal force is insufficient. A particularly interesting aspect
of this configuration is that it can relatively easily be
extended to hfs states, simply by reversing the direc-
tion of the dipole. Combining a dipole guide with the
independent guide segments furthermore enables the de-
coupling of velocity- and state-selection: The selection
by segment-switching is based purely on the forward-
velocity, and a curved guide can then be used for state-
selection.
ACKNOWLEDGMENTS
We would like to thank Gerard Meijer (Fritz-Haber-
Institute, Berlin) for providing parts of the equipment
and for continuous support throughout the project. We
also acknowledge help by Cynthia Heiner (Fritz-Haber-
Institute, Berlin) and Maxwell Parsons (Harvard Uni-
versity, Cambridge(USA)) during different stages of this
project. This work is funded by the Swiss National Sci-
ence Foundation.
∗ Electronic address: andreas.osterwalder@epfl.ch
[1] S. A. Rangwala, T. Junglen, T. Rieger, P. W. H. Pinkse,
and G. Rempe, Phys. Rev. A 67, 043406 (2003).
[2] R. V. Krems, W. C. Stwalley, and B. Friedrich, Cold
Molecules: Theory, Experiment, Applications (CRC
Press, Boca Raton, FL, 2009).
[3] M. T. Bell and T. P. Softley, Mol. Phys. 107, 99 (2009).
[4] J. van Veldhoven, R. T. Jongma, B. Sartakov, W. A.
Bongers, and G. Meijer, Phys. Rev. A 66, 032501 (2002).
[5] E. R. Hudson, H. J. Lewandowski, B. C. Sawyer, and
J. Ye, Phys. Rev. Lett. 96, 143004 (2006).
[6] J. J. Gilijamse, S. Hoekstra, S. Y. T. van de van de Meer-
akker, G. C. Groenenboom, and G. Meijer, Science 313,
1617 (2006).
[7] S. Willitsch, M. T. Bell, A. D. Gingell, and T. P. Softley,
Phys. Chem. Chem. Phys. 10, 7200 (2008).
[8] S. Knoop, F. Ferlaino, M. Berninger, M. Mark, H.-C.
Na¨gerl, R. Grimm, J. P. D’Incao, and B. D. Esry, Phys.
Rev. Lett. 104, 053201 (2010).
[9] A. Osterwalder, S. A. Meek, G. Hammer, H. Haak, and
G. Meijer, Phys. Rev. A, in press.
[10] S. Y. T. van de van de Meerakker, H. L. Bethlem, and
G. Meijer, Nature Physics 4, 595 (2008).
[11] S. D. Hogan, A. W. Wiederkehr, H. Schmutz, and
F. Merkt, Phys. Rev. Lett. 101, 143001 (2008).
[12] R. Fulton, A. I. Bishop, M. N. Shneider, and P. F. Barker,
Nature Physics 2, 465 (2006).
[13] F. M. H. Crompvoets, H. L. Bethlem, and G. Meijer,
Adv. Atom. Mol. Opt. Phys. 52, 209 (2005).
[14] T. Junglen, T. Rieger, S. A. Rangwala, P. W. H. Pinkse,
and G. Rempe, Eur. Phys. J. D 31, 365 (2004).
[15] C. Sommer, L. D. van Buuren, M. Motsch, S. Pohle,
J. Bayerl, P. W. H. Pinkse, and G. Rempe, Faraday Dis-
cuss. 142, 203 (2009).
[16] M. R. Tarbutt, J. J. Hudson, B. E. Sauer, and E. A.
Hinds, Faraday Discuss. 142, 37 (2009).
[17] S. Willitsch, M. T. Bell, A. D. Gingell, S. R. Procter, and
T. P. Softley, Phys. Rev. Lett. 100, 043203 (2008).
[18] M. T. Bell, A. D. Gingell, J. M. Oldham, T. P. Softley,
and S. Willitsch, Faraday Discuss. 142, 73 (2009).
9[19] L. D. van Buuren, C. Sommer, M. Motsch, S. Pohle,
M. Schenk, J. Bayerl, P. W. H. Pinkse, and G. Rempe,
Phys. Rev. Lett. 102, 033001 (2009).
[20] D. Patterson and J. M. Doyle, J. Chem. Phys. 126,
154307 (2007).
[21] C. Sommer, M. Motsch, S. Chervenkov, L. D. van Bu-
uren, M. Zeppenfeld, P. Pinkse, and G. Rempe, arXiv p.
1004.0968 (2010).
[22] M. N. R. Ashfold, R. N. Dixon, N. Little, R. J. Stickland,
and C. M. Western, J. Chem. Phys. 89, 1754 (1988).
[23] M. N. R. Ashfold, C. L. Bennett, and R. N. Dixon, Chem.
Phys. 93, 293 (1985).
[24] COMSOL Multiphysics, Version 3.5a (Comsol AB,
2009).
[25] M. Gupta and D. Herschbach, J.Phys.Chem.A 105, 1626
(2001).
